Background Short-term muscle atrophy induced by botulinum toxin A (BTxA) has been observed to impair osteogenesis in a rat closed femur fracture model. However, it is unclear whether the underlying mechanism is a direct effect of BTxA on muscle-bone interactions or an indirect effect that is driven by skeletal unloading. Because skeletal trauma in the closed fracture model also leads to disuse atrophy, we sought to mitigate this confounding variable by examining BTxA effects on muscle-bone interactions in two complementary in vivo models in which osteogenesis is induced in the absence of skeletal unloading. The overall aim of this study was to identify a potential strategy to inhibit pathological bone formation and heterotopic ossification (HO). Questions/purposes (1) Does muscle paralysis inhibit periosteal osteogenesis induced by a transcortical defect?
Abstract
Background Short-term muscle atrophy induced by botulinum toxin A (BTxA) has been observed to impair osteogenesis in a rat closed femur fracture model. However, it is unclear whether the underlying mechanism is a direct effect of BTxA on muscle-bone interactions or an indirect effect that is driven by skeletal unloading. Because skeletal trauma in the closed fracture model also leads to disuse atrophy, we sought to mitigate this confounding variable by examining BTxA effects on muscle-bone interactions in two complementary in vivo models in which osteogenesis is induced in the absence of skeletal unloading. The overall aim of this study was to identify a potential strategy to inhibit pathological bone formation and heterotopic ossification (HO). Questions/purposes (1) Does muscle paralysis inhibit periosteal osteogenesis induced by a transcortical defect? (2) Does muscle paralysis inhibit heterotopic bone formation stimulated by intramuscular bone morphogenetic protein (BMP) injection? Methods Focal osteogenesis was induced in the right hindlimb of mice through surgical initiation of a small transcortical defect in the tibia (fracture callus; n = 7/group) or intramuscular injection of BMP-2 (HO lesion; n = 6/group), both in the presence/absence of adjacent calf paralysis. High-resolution micro-CT images were obtained in all experimental groups 21 days postinduction and total volume (ie, perimeter of periosteal callus or HO lesion) and bone volume (calcified tissue within the total volume) were quantified as primary outcome measures. Finally, these outcome measures were compared to determine the effect of muscle paralysis on inhibition of local osteogenesis in both studies. Results After a transcortical defect, BTxA-treated mice showed profound inhibition of osteogenesis in the periosteal fracture callus 21 days postsurgery compared with saline-treated mice (total volume: 0.08 ± 0.06 versus 0.42 ± 0.11 mm 3 , p \ 0.001; bone volume: 0.07 ± 0.05 versus 0.32 ± 0.07 mm 3 , p \ 0.001). Similarly, BMP-2induced HO formation was inhibited by adjacent muscle paralysis at the same time point (total volume: 1.42 ± 0.31 versus 3.42 ± 2.11 mm 3 , p = 0.034; bone volume: 0.68 ± 0.18 versus 1.36 ± 0.79 mm 3 , p = 0.045). Conclusions Our data indicate that BTxA-induced neuromuscular inhibition mitigated osteogenesis associated with both a transcortical defect and BMP-2-induced HO. Clinical Relevance Focal neuromuscular inhibition represents a promising new approach that may lead to a new clinical intervention to mitigate trauma-induced HO, a healthcare challenge that is severely debilitating for civilian and war-wounded populations, is costly to both the patient and the healthcare system, and currently lacks effective treatments.
Introduction
Heterotopic ossification (HO) is a frequent complication of musculoskeletal trauma after joint arthroplasty, hip and elbow fractures, and amputation [9, 11, 24, 31] . Because traumatic brain injury is an additional risk factor for HO [7, 14] , high-energy wartime extremity injuries place warwounded patients at an increased risk of developing debilitating heterotopic lesions [10] . Although the pathophysiology of HO is not completely clarified, traumatic insults impacting the neuromuscular system are known to initiate an inflammatory cascade leading to heterotopic bone formation. Indeed, recent data demonstrate that dysregulation of bone morphogenetic protein 4 (BMP-4) at the neuromuscular junction is a precursor of HO [8, 16] . This pathway therefore implicates a causal link between neuromuscular dysfunction and the development of HO.
Others have recently shown that transient paralysis of the quadriceps induced by botulinum toxin A (BTxA) inhibits periosteal osteogenesis and callus formation in a rat femur fracture model [3, 13] . Given the known mechanism of action of BTxA (inhibition of neurotransmitter release), we therefore speculated that the blockade of neuromuscular signaling by BTxA inhibits neuromuscular interactions integral to the osteogenic response elicited by musculoskeletal trauma. Furthermore, because fracture healing and HO share common initiating events (including inflammation and BMP signaling) [17, 27, 30, 32] , we also speculated that BTxA-induced muscle paralysis would prevent the formation of heterotopic bone. However, interpreting the precise mechanism by which muscle paralysis inhibits osteogenesis in the rat fracture model is confounded by the heterogeneity of the tissue response, soft tissue injury, and modified gait kinematics, all of which can alter the observed cellular responses.
To explore the interactions between neuromuscular signaling and osteogenesis, we superimposed BTxA-induced calf paralysis on two established in vivo models of osteogenesis. The mouse transcortical defect model produces a morphologically reproducible periosteal callus in the tibia with less soft tissue trauma and without the mechanical deficits observed in closed fracture models [25] . Complementing this model, we implemented a model of HO in which an ectopic bone lesion is induced by intramuscular injection of BMP [20] .
Therefore, the purpose of this study was to determine if the inhibition of neuromuscular signaling by BTxA is sufficient to prevent the osteogenic response to skeletal injury and/or BMP-induced bone formation. By superimposing transient muscle paralysis on two distinct models of focal osteogenesis, we sought to address whether (1) muscle paralysis inhibits periosteal osteogenesis induced by a transcortical defect; and (2) if muscle paralysis inhibits heterotopic bone formation stimulated by intramuscular BMP injection.
Materials and Methods
All animal experiments were performed using protocols and procedures approved by the Institutional Animal Care and Use Committee of the University of Washington. Female C57Bl/6 mice were obtained from Jackson Laboratories (Sacramento, CA, USA) with studies initiated in skeletally mature adult mice (ages 4-5 months at the start of the experiment). In all studies, animals were allowed free cage activity and food and water ad libitum throughout the experiment.
The first study determined the effect of adjacent muscle paralysis on periosteal osteogenesis after a transcortical defect of the mouse tibia. In this experiment, female C57 mice were randomized to (1) transcortical defect + saline; and (2) transcortical defect + BTxA (n = 7 per group). On Day 0 of the experiment, mice were anesthetized with isoflurane and an incision was made over the anteromedial surface of the right tibial diaphysis. The periosteal surface was exposed and a 0.6-mm penetrating hole was created in the medial cortex 1 mm distal from the termination of the tibial tuberosity ( Fig. 1 ). While still anesthetized, the gastrocnemius of mice was either injected with 20 lL saline or BTxA (2.0 U/100 g body weight) in a volume of 20 lL [33] . All mice were observed postoperatively to ensure return to normal ambulation and pain was managed prophylactically through a single subcutaneous injection of Buprenex (0.05 mg/kg; Reckitt Benckiser Pharmaceuticals Inc, Richmond, VA, USA). One mouse was removed from the BTxA-injected group as a result of a fracture that occurred during postsurgical handling. Calf muscle paralysis was confirmed 24 hours postinjection by visual confirmation of reduced toe extension and ankle plantar flexion in the affected limb [33] . Immediately after surgery and injections, mice underwent micro-CT scans (Scanco vivaCT 40; 10.5 lm voxel resolution; Scanco Medical, Bruttisellen, Switzerland) to confirm the location of the transcortical defect. A second ex vivo micro-CT scan was obtained after animal euthanasia 21 days postsurgery for quantification of fracture callus formation.
The second study determined the effect of transient muscle paralysis on BMP-2-induced HO formation. In this experiment, female C57 mice were randomized to (1) BMP-2 + saline; and (2) BMP-2 + BTxA (n = 6 per group). To remove any potential confounding effects of injection interactions, BTxA and BMP-2 were dosed on consecutive days. Twenty-four hours before the BMP-2 implantation (Day -1), anesthetized mice received intramuscular injections in their right gastrocnemius of either 20 lL saline or BTxA (2.0 U/100 g body weight) in a volume of 20 lL. On Day 0 of the experiment, implants were prepared by adding recombinant human BMP-2 (Syd Labs Inc, Boston, MA, USA) to liquid Cultrex basement membrane extract, PathClear (BME; Trevigen Inc, Gaithersburg, MD, USA) at 4°C. All mice were anesthetized and their gastrocnemii were injected with a dose of BMP-2/BME solution shown in pilot studies to produce a consistent HO lesion in the calf muscle groups (2.5 lg BMP-2/20 lL of BME). On Day 21, micro-CT topogram (or ''micro-CT scout'') images were obtained to determine the location of the heterotopic lesion within the affected muscle. Based on topogram images, mice underwent micro-CT scans (Scanco vivaCT 40; 21-lm voxel resolution) originating from the tibiofibular junction and continued proximally sufficient to image the entire heterotopic lesion. Before data analysis, one mouse was removed from the BTxA injection group as a result of its heterotopic lesion fusing with the fibula, which precluded accurate quantification of HO morphology using a user-invariant quantification algorithm described subsequently.
All high-resolution micro-CT images were acquired using a Scanco vivaCT 40 (55 kVP, 145 lA). Bone was segmented within the scan volume using standard image thresholding techniques [29] and threshold values specific for both callus and HO were identified as that which provided the best correspondence between two-dimensional binarized images and the original gray-scale images [4] . In the transcortical defect experiment, ex vivo scans were obtained by placing the dissected tibiae into a customized apparatus and a 2-mm long image volume centered about the defect was obtained. Semiautomated contours were created throughout the scan volume that separated the periosteal fracture callus from the periosteal bone surface. Once isolated, a threshold of 615.9 mg HA/ccm was used to identify bone within the periosteal fracture callus. In the HO experiment, mice were induced and maintained under isoflurane anesthesia and in vivo scans were obtained by securing the right hindlimb with a custom apparatus to maximize leg stability during the scan process. Once scans were obtained, HO volumes were isolated using an automated contouring algorithm. A threshold of 480.7 mg HA/ ccm was used to identify calcified tissue within the heterotopic nodule. Standard bone morphologic parameters (described subsequently) were obtained in both the transcortical defect and HO experiments.
Two primary outcome measures were quantified in each experiment: (1) total volume (perimeter of periosteal callus or HO lesion); and (2) bone volume (calcified tissue within the total volume). Homoscedastic one-tailed t-tests were used to determine the effect of muscle paralysis on inhibition of local osteogenesis in both studies. Based on our previous pilot data suggesting a 50% reduction in osteogenic potential in both models and an alpha level of 0.05, the group sizes in each experiment provided sufficient statistical power to test the studies' questions (power = 0.97 in transcortical defect experiment; power = 0.95 in HO experiment).
Results
Transient muscle paralysis inhibited periosteal osteogenesis induced by a transcortical defect. Micro-CT of salineinjected mice showed profound bone formation on the periosteal surface, which appeared morphologically identical to bone formation observed after bone fracture (Fig. 2) . In contrast, periosteal osteogenesis proximal and distal to the transcortical defect in BTxA-treated mice was profoundly inhibited (Fig. 2) . When compared with salinetreated animals, transient paralysis of the calf muscles diminished total callus volume (0.08 ± 0.06 versus 0.42 ± 0.11 mm 3 , mean ± SD, p \ 0.001; Fig. 3 ) and bone volume within the callus volume (0.07 ± 0.05 versus 0.32 ± 0.07 mm 3 , p \ 0.001; Fig. 3 ).
Transient muscle paralysis also inhibited heterotopic bone formation induced by BMP-2 implantation. Threedimensional micro-CT reconstructions demonstrated that BMP-2/BME implanted into the gastrocnemius induced ectopic bone in saline-injected mice (Fig. 4A; saline) . Although ectopic bone was still observed in BTxA-treated mice, bone nodules were diminished (Fig. 4B; BTxA) . When compared with saline-treated animals, transient paralysis of the calf muscles reduced the total volume of the HO nodule (1.42 ± 0.31 versus 3.42 ± 2.11 mm 3 , p = 0.034; Fig. 5 ) and the bone volume within the nodule (0.68 ± 0.18 versus 1.36 ± 0.79 mm 3 , p = 0.045; Fig. 5 ).
Discussion
The osteogenic cascade initiated in fracture healing (inflammation, angiogenesis, chondrogenesis, and osteogenesis) is recapitulated during heterotopic bone formation. On traumatic insult, neuroinflammatory cytokines trigger BMP signaling pathways that lead to bone formation. Given the role of neuronal signaling pathways in both fracture repair and heterotopic bone formation, we speculated that an intervention transiently inhibiting neuromuscular signaling would also mitigate heterotopic bone formation. We implemented two complementary in vivo models of induced osteogenesis that begin to isolate the role of neuromuscular function in mediation of focal soft tissue osteogenesis. Our data indicated that BTxA-induced neuromuscular inhibition mitigated osteogenesis associated with both transcortical defect and BMP-2-induced HO.
These observations must be considered in the context of the limitations of our approach. In testing the role of neuromuscular inhibition on induced osteogenesis, BTxA was used to paralyze muscle adjacent to the induced osteogenesis. Given the toxicity of BTxA, it is possible that the inhibition of osteogenesis was a direct effect of BTxA on bone cells rather than a result of neuromuscular dysfunction. We have previously reported that BTxA-induced calf paralysis does not diminish baseline periosteal osteoblast function [33] . We have additionally conducted a followup pilot control study in which BTxA was injected directly into the marrow cavity through the transcortical defect (n = 4). This intervention did not alter calf muscle volume, had a minimal effect on periosteal osteogenesis, and did not alter endocortical osteogenesis or healing of the cortical defect itself (data not shown). Although these data do not rule out a direct effect of BTxA on bone cells, they do provide evidence to mitigate this limitation. A second limitation of the study was associated with the single imaging end point (Day 21 for both studies). The 21-day time point was chosen based on preliminary data indicating that defect healing (transcortical defect model) and ectopic bone formation (HO model) both plateaued by this time. However, it is possible that the muscle paralysis delayed rather than inhibited osteogenesis. We have since evaluated additional time points in both models (Day 12 in the transcortical defect model; Days 12 and 28 in the HO model) and the inhibitory effects of muscle paralysis on osteogenesis appear to be consistent across time points and models. These observations strongly imply that neuromuscular inhibition truly diminishes osteogenesis and does not simply alter the temporal dynamics of the osteogenic process.
Neuromuscular inhibition clearly inhibited periosteal osteogenesis after a transcortical defect. The simplicity of this model compared with a closed or open fracture model (eg, smaller and more confined callus formation, lack of gait defect) supports a direct role for muscle/bone crosstalk in fracture healing [12, 19, 21, 28] . Previous studies using closed and open fracture models have reported conflicting findings over the potential benefit (or lack thereof) of muscle paralysis on fracture healing [3, 13] . It has been postulated that variations in vascularity and soft tissue damage at the fracture site and the extent of neuromuscular inhibition have contributed to this variability [1, 22] . We believe that the simplicity of the transcortical defect model overcomes these confounding variables and holds potential to clarify how BTxA-induced blockade of neuromuscular signaling alters osteogenic fracture healing pathways as well as insight into the angiogenic and neuronal pathways integral to the response to trauma.
We were able to demonstrate that prophylactic neuromuscular inhibition mitigates focal and predictable HO formation after BMP-2 implantation in a mouse. However, BMP-2 is one of many genes known to be upregulated during heterotopic bone formation. We have recently performed experiments showing muscle paralysis inhibits BMP-4-induced HO in the same mouse model (data not shown). Although we have not specifically confirmed that muscle paralysis would inhibit HO induced primarily by other known osteogenic cytokines such as BMP-1, BMP-9 or transforming growth factor-b [15, 18] , our findings that paralysis inhibits pathologic bone formation during fracture, an osteogenic response induced by a complex signaling cascade, further suggests that this inhibitory therapy may be used regardless of the specific underlying signaling impetus. Additionally, the ability to inhibit HO formation in the BMP-2 model is primarily based on a priori knowledge of where and when HO formation will occur, similar to the clinical conditions after THA or acetabular fracture repair. However, other pathologies such as spinal cord injury and traumatic brain injury are known to cause systemic HO formation whose timing and location are much more difficult to predict. If neuromuscular inhibition was to be applied as a therapy for these conditions, further research needs to be done to determine if muscle paralysis is still an amenable therapy once heterotopic ossification has begun to mature.
Our BMP-2-induced HO findings are consistent with a central role of local neuromuscular function in HO pathogenesis. Although this is not the first report implicating neuronal dysfunction in HO pathogenesis, our results demonstrate that local modulation of this signaling, in addition to systemic alterations of the nervous system, impact HO formation. For example, mice lacking sensory neurons have been shown to have an attenuated response to BMP-2-induced HO formation [27] . More recently, inhibition of a neural patterning gene in the Hedgehog pathway has been shown to diminish a hereditary predilection toward formation of HO [26] . Given that current HO treatments such as radiation and nonsteroidal antiinflammatory drugs have potentially severe side effects [5, 6, 24] , transient muscle paralysis and/or focal inhibition of neuromuscular signaling presents an alternative intervention with potential for preventing heterotopic bone after orthopaedic trauma. However, translation of this approach to the clinic will require a better understanding of the cellular mechanisms controlling muscle/bone/nerve interactions so that optimal inhibition of HO can be achieved while the potentially adverse effects of transient neuromuscular inhibition are minimized [2, 23] .
In summary, transient muscle paralysis after a single injection of BTxA in mice inhibited periosteal osteogenesis induced by a transcortical defect and the formation of HO induced by intramuscular implantation of BMP-2. These observations further support a central role of neuromuscular signaling pathways in normal bone repair and Total volume (mean ± SD) and bone volume of the heterotopic lesion 21 days after BMP-2/BME implantation were significantly inhibited by prophylactic BTxA-induced paralysis in the adjacent calf muscle group as compared with the saline group (*p = 0.034 and 0.045 for total volume and bone volume, respectively). pathological bone formation. We believe that these findings identify a promising new approach that may lead to an effective clinical intervention for a healthcare challenge that is severely debilitating for civilian and war-wounded populations, is costly to both the patient and the healthcare system, and currently lacks effective treatments.
